Mafic-ultramafic sills of up to 450m in thickness occur near the contact between sedimentary and volcanic rocks of the Silverton Formation, Transvaal Supergroup, on the farms Blaauwboschkraal, Zwartkopje and Waterval, some 10km north of Waterval Boven in the Mpumalanga Province. The sills consist of peridotite, harzburgite, pyroxenite and gabbro, and may locally contain up to about 10% Ni-Cu-PGE sulphides. Metal contents of the rocks reach 0.7% Cu, 0.8% Ni, and 2 ppm PGE. Sulphides are found at variable levels within the intrusions and are interpreted to have precipitated from distinct surges of magma streaming through a conduit. This model is analogous to that proposed for the Uitkomst Complex, which hosts sulphides of broadly similar composition to the present bodies and which consists of broadly similar lithologies, apart from the presence of chromitite in the latter. The lithological and compositional similarities between the intrusions raise the possibility of undiscovered economic sulphide concentrations in the present bodies. However, olivines in most of the ultramafic rocks are undepleted in Ni, suggesting that either sulphide segregation was minor and localized, or that any metal-depleted magmas were flushed out of the conduit by undepleted magma.
Introduction
The discovery of economically important massive sulphides in the Uitkomst Complex in 1990 (Gauert et al., 1995) has triggered considerable exploration activity for magmatic sulphide ores in the floor of the eastern Bushveld Complex. In particular, exploration has targeted sill and dyke-like bodies that may represent magma conduits (e.g. the Wanhoop intrusion, Schürmann, 1992) . This is because the Uitkomst sulphides and other major magmatic sulphide ores elsewhere (Voisey's Bay; Noril'sk) are now understood to be hosted by dynamic magma conduits systems (Naldrett, 1997) .
The sill-like bodies on the farms Blaauwboschkraal 346 JL, Waterval 331 JT, and Zwartkopje 329 JT studied here appear to offer particular potential for magmatic sulphide ores due to lithological similarities to the Uitkomst Complex, and a common broad alignment with the Uitkomst Complex to a prominent set of faults indicated on the regional geological maps.
We present lithological descriptions of the bodies as well as major and trace element data, including PGE. Based on these data we attempt to constrain the origin of the sulphide mineralization and the potential of the bodies to host more important sulphide ores.
Regional geology and exploration history
A geological map of the Waterval Boven-Machadodorp area is shown in Figure 1 and the regional stratigraphy is summarised in Table 1 . The rocks of the region form part of the Pretoria Group of the Transvaal Supergroup, which dip at an angle of 5 to 10°to the west and strike broadly north to south. The farm Blaauwboschkraal 346JL is located some 10km to the north of Waterval Boven, 150km due east of Pretoria. Sulphide-bearing mafic-ultramafic rocks on Blaauwboschkraal were initially discovered in a borrow pit during construction of the Schoemanskloof road, in the 1970s. Subsequent drilling by GEMEX in the late 1970s and early 1980s delineated an easterly plunging sill-like body (termed the Helvetia body) that intruded into shales of the Lydenburg Member (Figure 2 ). In 1996, ISCOR Ltd. went into a joint venture project with B&B Consortium. Additional drilling provided a deeper intersection of the body (borehole BL1) and also intersected a second, larger, westerly-plunging, mafic-ultramafic body in the footwall (borehole BL2) that intruded broadly conformably along the contact between the shales and the underlying Machadodorp volcanic rocks. A third borehole (BL3) collared some 1000 m to the north merely intersected a number of thin slivers of gabbro and pyroxenite in shale. Based on field mapping, geochemical soil sampling and magnetic and electromagnetic (EM34) surveys that outlined gabbroic bodies and an associated long wavelength, low amplitude magnetic anomaly on the adjoining farms Zwartkopje 329JT and Waterval 331JT, four further diamond boreholes were drilled by ISCOR (BL4 to 7; Figure 1 ). These holes intersected mafic-ultramafic intrusions similar in lithology and thickness to those on Blaauwboschkraal (Figure 3 ), but with a thinning of the bodies observed in the northernmost hole (BL7). The borehole data suggest the presence of a sill-like body with a width of at least 1.5km and a maximum thickness of around 450m that plunges to the northwest at a shallow angle broadly conformable to the dip of the Transvaal sedimentary rocks.
The farm Blaauwboschkraal is situated some 4km to the north of a major northwest to southeast trending fault (Figure 1 
Borehole description
A section through boreholes BL1 and BL2 is shown in Figure 2 , and borehole logs are listed in Table 2 . In borehole BL1, the Helvetia body consists of a basal 25m of olivine-pyroxenite containing lenses and layers of peridotite. This unit is locally brecciated and intensely altered to an assemblage consisting of amphibole, serpentine and chlorite. is approximately 50% plagioclase, 30% orthopyroxene, and 20% clinopyroxene. The immediate hanging wall of the Helvetia body consists of dolerite. In borehole BL2, the thickness of the Helvetia body is similar to that in borehole BL1, but the basal ultramafic layer is only 13m thick and is underlain by gabbro. Further, only one additional ultramafic layer was intersected near the top contact of the body. Sulphides occur in the basal ultramafic layer, in broadly similar form and concentration as in BL1.
The lower or main intrusion was intersected by borehole BL2 some 33m below the Helvetia body and has a total thickness of 327m. Based on the difference in plunge between the Helvetia body and the main intrusion, it appears that the Helvetia body may represent a tongue-like offshoot from the main intrusion.
The main intrusion is relatively unaltered. It's lower portion consists of 10m of basal gabbro, overlain by 5m of feldspathic harzburgite, another 5m of gabbro, and a further 55m of feldspathic harzburgite. The basal 20 to 30m of the intrusion contain several xenoliths of siltstone. The basal gabbro has a similar mineralogy to the Helvetia gabbro. The harzburgite consists of approximately 40 to 50% olivine, 10% each orthopyroxene and clinopyroxene, 20% plagioclase, and up to 5% K-feldspar. Notably, the harzburgite contains disseminated sulphides (pyrrhotite, chalcopyrite, pentlandite) throughout its width, reaching about 2 to 3 volume %. The central portion of the main intrusion consists of 190m of peridotite containing a 1m gabbro layer at about mid-level. The mineral mode of the peridotite is approximately 75% olivine, 10% orthopyroxene, 5 to 10% plagioclase, and 2 to 5% clinopyroxene. The uppermost portion of the main intrusion is formed by some 55m of fine-grained to pegmatoidal gabbro containing several thin (1 to 30mm) magnetite layers. Both the peridotite and gabbro appear to be largely sulphide-free, except for minor concentrations of disseminated sulphide in some samples near the base of the peridotite. The mafic-ultramafic bodies intersected by boreholes BL1 to 2 and 4 to 7 are compared in terms of their stratigraphy and lithology in Figure 3 . In most boreholes, the intrusions consist of a central ultramafic unit bounded by gabbro at the base and top. However, in boreholes BL2 and BL7, the upper gabbroic phase has bifurcated into two layers, separated by a parting of shale. In addition, there are several distinct ultramafic layers found in the upper gabbro of boreholes BL1 and BL2, which are not developed in the remaining borehole intersections. Further lateral variation between the borehole intersections is manifested by the occurrence of minor disseminated sulphides within the central ultramafic portion in boreholes BL4, 5, and 6. The combined thickness of the bodies varies between 155 and 380m. The observed thickness is lowest in the northernmost borehole (BL 7), suggesting that the body pinches out in this direction. determined by atomic absorption at ISCOR. (Tables 3  and 4) . Cu, Ni and PGE contents are plotted versus stratigraphic height in BL2 in Figure 4 . A more complete set of major and trace elements including S was obtained for 8 samples using: XRF at the University of Pretoria and, for S, the University of Natal (Table 5) . For 7 samples a complete set of PGE+Au analyses was obtained, using INAA at the University of Quebec at Chicoutimi after collection of the metals in a Ni-sulphide bead and irradiation in the Slowpoke reactor at Ecole Polytechnique, Montreal (Table 5 ). For analytical details as well as precision and accuracy, the reader is referred to Maier and Barnes (1999) .
Analytical results

Concentrations of
The highest concentrations of sulphides were found in boreholes BL1 and BL2, at the base of the lower pyroxenite within the Helvetia body (Figures 3 and 4) . The three samples analysed in detail contain between 300 and 2000 ppb PGE, at S contents between 1 and 2.5 weight %. Metal contents recalculated to 100% sulphide are listed in Table 6 . The data show that the sulphides are highly metal-enriched, containing between 6 and 16% Cu, 9 and 11.5% Ni, and 10 to 44 ppm PGE. Cu/Ni ratios are broadly at unity, suggesting a Mgbasaltic parental silicate magma. Mantle-normalized metal patterns ( Figure 5 ) show a progressive increase from Ni to Cu for the majority of samples, with Ni/Ir N of 0.2 and Cu/Pd N of approximately unity. In the more abundant atomic absorption data, Cu/Pd levels are somewhat higher. Average Pd/Ir ratios are 11, and Pt/Pd is <1. Such metal patterns may be explained if (i) the sulphides segregated from undepleted magma at low to moderate R-factors (mass ratio of silicate magma to sulphide melt) where the difference in partitioning between Cu, Ni and the PGE is swamped, and (ii) the sulphides underwent insignificant fractionation of monosulphide solid solution (mss) during solidification.
The complete set of platinum-group elements was also analysed in four samples from the main intrusion in borehole BL2. Samples BL2 511.84 and BL2 492.28 from the basal feldspathic harzburgite contain between 23 and 50 ppb PGE at 0.3 % S. Samples BL2 453.9 and SOUTH AFRICAN JOURNAL OF GEOLOGY 348 PGE-BEARING MAFIC-ULTRAMAFIC SILLS Barnes and Maier (1999) . (Table 6) suggests that metal tenors of the sulphides in both the harzburgite and the peridotite are considerably lower than those in the Helvetia ores, particularly in terms of the IPGE. As a result, the mantle-normalized PGE patterns of the analysed samples are more fractionated (Pd/Ir 44) than those of the Helvetia body (Pd/Ir 11; Figure 5 ). However, Pt/Pd ratios are similar to those from the Helvetia body. Note that the high Ni/Ir N ratios of the samples analysed from the main body ( Figure 5 ) may be largely attributed to Ni held in silicates (mainly olivine): Figure 6 suggests that the silicates in the harzburgites and peridotites may contain some 1500 to 2500 ppm Ni, respectively, thereby accounting for most of the wholerock Ni. In contrast, Cu/Pd N ratios of the samples are comparable to those of the Helvetia ores, i.e. slightly above primitive mantle levels. With the exception of Ni (due to partial olivine and orthopyroxene control), and, to a lesser extent Pd, correlations between the metals and S are good (Figure 6 ), suggesting that the metals are controlled by sulphides and confirming that the sulphide melt underwent little mss fractionation.
Olivine compositional data were obtained from 5 samples of harzburgite and peridotite from the main body (BL2 303.06, 413.86, 453.9, 492.28, and 511.84) , using a CAMECA SX50 electron microprobe at the University of Indiana. Operating conditions for major elements were: acceleration potential 15 kV, beam current 20 nA, peak counting time 20 seconds, and for Ni: 15 kV, 100 nA, 100 seconds, detection limit 100 ppm. Ni and Fo contents of the olivines are listed versus stratigraphic height in Figure 2 . The data show a progressive increase in Fo and Ni content with height, but in general, the olivines appear to be undepleted in Ni. Thus, applying the equations of Hart and Davis (1978) and Roeder and Emslie (1970) , olivines in equilibrium with Bushveld parental magmas (between 9 and 12.96 wt% MgO and 192 and 295 ppm Ni for fine-and coarse-grained B1-type sills, respectively; Harmer and Sharpe, 1985; Curl, 2001) can be modelled to have 2472 to 2557 ppm Ni, broadly in the range of the present samples. However, Bushveld magmas should crystallize olivines with Fo contents between 76 and 82, i.e. somewhat higher values than observed in our samples.
Discussion
Origin of the sulphide mineralization
We attempted to model the composition of the sulphide ores by assuming that they segregated from a parental magma of a similar lineage to Bushveld B1-type magma, which is generally believed to be parental to the lower portions of the Bushveld Complex (Sharpe, 1981; Harmer and Sharpe, 1985) . This assumption is based on two main arguments. Firstly, the present intrusions show similarities with the Uitkomst Complex in terms of lithology and compositional features such as metal tenor and Pt/Pd ratios of the sulphides. Secondly, a recent study by de Waal et al. (2000) established a common lineage and age for B1 sills and the Uitkomst Complex.
In order to yield sulphides with metal patterns resembling those of the Helvetia ores, the B1 magma would have to have experienced high-R-factor extraction of 0.01 weight % sulphide melt as well as 10% olivine fractionation prior to emplacement, followed by sulphide segregation at an R-factor of 3000 (model metal pattern in Figure 5 ). In view of the relatively low Fo Notes: Gab = gabbro; Px = pyroxenite; Hz = harzburgite; Per = peridotite; na = not analysed content of the analysed olivines, this seems a reasonable suggestion. However, figure 7a shows that the observed sulphide contents of the samples from the Helvetia body are significantly lower than the model sulphide contents, particularly in the case of samples BL1 105.9 (1.6% S analysed, 15 to 20% sulphides modelled) and BL1 111.4 (2.58% S analysed, 40 to 50% sulphides modelled). A possible explanation is that the ores experienced a large amount of S-loss during alteration, as possibly indicated by the much lower discrepancy between observed and modelled sulphide contents for the less altered samples from the main intrusion. However, the amounts of S-loss required would most likely have resulted in a substantially more altered sulphide assemblage, with phases such as heazlewoodite and FeNi alloys to be expected. Since the sulphide assemblage is essentially primary magmatic, with pyrrhotite, pentlandite and chalcopyrite, substantial S-loss is considered unlikely. An alternative explanation, modelled in Figure 7b , could be that the ores segregated from magma that had selectively assimilated Cu from the country rocks, possibly by means of devolatization of country rock sulphides and introduction of Cu by hydrothermal fluids. The Lydenburg shale member of the Pretoria Group can contain up to several 100 ppm Cu, although the average value is only 30 ppm (Reczko, 1994) . However, the magma is required to contain at least 350 ppm Cu (Cu/Pd 30000) to model the ores, which significantly exceeds Cu contents of any natural basalt known to us. Secondary Cu enrichment of the sulphides during alteration could also produce the observed ores, but we would argue that this process would have resulted in highly variable Cu contents in the sulphides, which is contradicted by the well-defined correlation between Cu and S observed in Figure 6 .
The trigger for sulphide segregation equally remains unclear at this stage. The occurrence of elevated sulphide concentrations at the basal contact of feldspathic pyroxenite with sulphide-bearing shale in the Helvetia body may suggest a mechanism of in situ contamination with country rock material. The Lydenburg shale Member in the Eastern Transvaal contains an average of 394 ppm S, with individual samples reaching up to 5500 ppm S (Reczko, 1994) . This shale may thus be a suitable contaminant to induce sulphide oversaturation. However, in boreholes BL2, BL5 and BL6, sulphide enriched horizons occur within the intrusion (Figure 3) . In these cases, interaction with sediments, if any, could not have occurred in situ. Instead, assimilation may have occurred up-flow and the sulphides could have been entrained by distinct magma surges to be deposited in hydraulic traps, as previously modelled for the Voisey's Bay intrusion (Li et al., 2000) . Sulphide segregation as a result of mixing of compositionally contrasting magmas flushing through the conduit appears unlikely, in view of the results of Li et al. (this issue) .
Implications for exploration
Based on the lithological similarities between the maficultramafic intrusion studied here and the Uitkomst Complex, the proximity of both intrusions to a major SE to NW trending set of faults, the broad conformity of the intrusions with the sedimentary country rocks, and compositional features such as similar Pt/Pd ratios of the sulphides, the Blaauwboschkraal bodies may form part of a larger conduit system related to the Bushveld magmatic event. This may indicate good potential for sulphides. However, the Blaauwboschkraal bodies intruded at a stratigraphic level within the Transvaal Supergroup that is substantially higher than that of the Uitkomst body, and further geochemical and dating studies are needed to confirm a common magmatic parentage.
In recent years, it has become increasingly clear that in economically mineralised magmatic conduit systems such as Voisey's Bay and Noril'sk, one commonly finds several phases of intrusion, all of them possibly containing magmatic Ni-Cu-(PGE) sulphides, but with contrasting metal tenors. At Voisey's Bay and Noril'sk, the interpretation is that the different lithologies represent different surges of magma exploiting the conduit. Sulphides initially segregated in response to country rock assimilation -either in the conduit or in some staging chamber. These initial sulphides (the protore) commonly have relatively low metal tenors due to low R-factors, but they become significantly upgraded where they were entrained by a subsequent surge of magma streaming through the conduit. Thus, economic sulphide concentrations may not necessarily be found only at the base of conduit systems, but instead at the base of individual flows. We propose that the basal harzburgite, the central peridotite, and the upper pyroxenite of the Blaauwboschkraal bodies represent distinct magma flows streaming through the conduit. This would explain the concentration of sulphides at several levels within the sill (Figure 3 , boreholes BL4, 5, and 6). Based on the lack of significant Ni depletion in the analysed olivines from the basal harzburgite and central peridotite, the sulphides appear to have equilibrated at relatively high R-factors. The potential for significant sulphide ores upstream in the conduit is, however, not necessarily constrained by this, as any 
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